Stem cells play a critical role during embryonic development and in the maintenance of homeostasis in adult individuals. A better understanding of stem cell biology, including embryonic and adult stem cells, will allow the scientific community to better comprehend a number of pathologies and possibly design novel approaches to treat patients with a variety of diseases. The retinoblastoma tumor suppressor RB controls the proliferation, differentiation, and survival of cells, and accumulating evidence points to a central role for RB activity in the biology of stem and progenitor cells. In some contexts, loss of RB function in stem or progenitor cells is a key event in the initiation of cancer and determines the subtype of cancer arising from these pluripotent cells by altering their fate. In other cases, RB inactivation is often not sufficient to initiate cancer but may still lead to some stem cell expansion, raising the possibility that strategies aimed at transiently inactivating RB might provide a novel way to expand functional stem cell populations. Future experiments dedicated to better understanding how RB and the RB pathway control a stem cell's decisions to divide, self-renew, or give rise to differentiated progeny may eventually increase our capacity to control these decisions to enhance regeneration or help prevent cancer development.
Stem cells play a critical role during embryonic development and in the maintenance of homeostasis in adult individuals. A better understanding of stem cell biology, including embryonic and adult stem cells, will allow the scientific community to better comprehend a number of pathologies and possibly design novel approaches to treat patients with a variety of diseases. The retinoblastoma tumor suppressor RB controls the proliferation, differentiation, and survival of cells, and accumulating evidence points to a central role for RB activity in the biology of stem and progenitor cells. In some contexts, loss of RB function in stem or progenitor cells is a key event in the initiation of cancer and determines the subtype of cancer arising from these pluripotent cells by altering their fate. In other cases, RB inactivation is often not sufficient to initiate cancer but may still lead to some stem cell expansion, raising the possibility that strategies aimed at transiently inactivating RB might provide a novel way to expand functional stem cell populations. Future experiments dedicated to better understanding how RB and the RB pathway control a stem cell's decisions to divide, self-renew, or give rise to differentiated progeny may eventually increase our capacity to control these decisions to enhance regeneration or help prevent cancer development.
Basic functions of the RB pathway
The human retinoblastoma gene RB1 was initially cloned from children with a rare form of eye cancer of the same name. Since this seminal discovery, RB has been found to be inactivated in a wide range of pediatric and adult human cancers. The mechanisms of tumor suppression by the RB protein are thought to largely involve its ability to restrict cell cycle progression at the G1/S transition of the cell cycle by inhibition of E2F transcription factors. Phosphorylation of RB by Cyclin/Cdk (cyclin-dependent kinase) complexes can inhibit the ability of RB to bind to E2F. Cyclin/Cdk complexes are themselves under the control of small cell cycle inhibitors of the INK4 and CIP/KIP families, to which p16
Ink4a and p21 Cip1 , respectively, belong. The module comprising INK4-CIP/KIP cell cycle inhibitors; Cyclin/Cdk complexes; RB and its two family members, p107 and p130; and E2F transcription factors constitutes the RB pathway in cells. A second critical component of RB's control of the G1/S progression is nontranscriptional and connects RB to p27
Kip1 stabilization via Cdh1/APC and Skp2. RB has been shown to control many other cellular processes in addition to cell cycle progression in G1, including cellular differentiation, by functionally interacting with transcription factors important for the development of specific developmental lineages. Beyond its direct control of the transcription of programs of genes involved in proliferation and differentiation, RB can also interact with chromatin remodeling enzymes, which may be important for its ability to regulate global gene expression. Finally, strong evidence has emerged that RB may also control genomic stability in cells through various mechanisms, including regulating the expression of genes involved in mitosis, but also by directly interacting with proteins involved in maintaining the structure of chromosomes during G2/M. Importantly, these main cellular functions of RB are conserved in mammalian cells, Drosophila melanogaster, and Caenorhabditis elegans. The general mode of action of RB has been thoroughly reviewed (Weinberg 1995; Sherr and McCormick 2002; Iaquinta and Lees 2007; Burkhart and Sage 2008; van den Heuvel and Dyson 2008; Chinnam and Goodrich 2011; Viatour and Sage 2011; Manning and Dyson 2012) and is summarized in Figure 1 .
Many compelling observations over the last 25 years suggest a role for RB in the biology of stem cells. For example, RB has been shown to be crucial to maintain quiescence in cells , strongly suggesting that it could help maintain quiescence in adult stem cells (Li and Clevers 2010; Li and Bhatia 2011; Pietras et al. 2011) . Conversely, when necessary, normally quiescent stem cells must re-enter the cell cycle, self-renew, and produce progenitors, presumably requiring the transient inactivation of RB function to allow passage from G1 to S. Furthermore, RB's capacity to modulate chromatin structure may be important in stem cells to control their plasticity (Chinnam and Goodrich 2011) . Here, I review the recent effort by several groups to investigate the potential role of RB in embryonic stem (ES) cells and adult stem and progenitor cells in plants and mammals. It is sometimes difficult to harmonize the functional differences between stem and progenitor cells observed in vivo and in culture, in part because the characterization of stem and progenitor cells in some tissues is still partial. For this review, stem cells are defined as cells that have the ability to perpetuate themselves through self-renewal and generate mature cells through differentiation; progenitors can only divide a limited number of times before generating differentiated cells.
RB in plant stem cells
Given RB's importance in a wide range of human cancers, it is somewhat surprising that the first clear evidence for a role of RB in adult stem cells has come from studies of an RB-like protein in plants. The only member of the RB family that exists in Arabidopsis thaliana is RBR, the RETINOBLASTOMA-RELATED gene. Wildwater et al. (2005) first showed that suppression of RBR function in A. thaliana root meristem stem cells leads to an increase in the number of these ''columella'' stem cells without affecting the number and structure of their progeny, the differentiated columella cells. Conversely, overexpression of RBR results in the rapid differentiation of these stem cells (Wildwater et al. 2005; Wyrzykowska et al. 2006) . Similarly, overexpression of Cyclin D (CycD) or the transcription factor E2Fa results in the accumulation of columella stem cells, while overexpression of the CDK inhibitor KRP2 results in the loss of root stem cells (Wildwater et al. 2005) . These experiments suggest that the RB pathway controls the maintenance of the stem cell pool in the root meristem and is dependent on appropriate signals and levels of RB pathway members (Wildwater et al. 2005) . Further studies of RBR down-regulation during post-embryonic plant development, including in the root meristem, have extended these initial findings and confirmed a key role for RBR in the coordination of cell cycle progression and differentiation in stem cell populations. Interestingly, the defects observed upon RBR inactivation are reversible once RBR is restored, indicating that, at least in some contexts, RB mutant stem cell populations are not permanently damaged (Borghi et al. 2010) . Beyond the root meristem, RBR inactivation leads to an expansion of the stem cell pool in the male germline and delays fate determination (Z Chen et al. 2009 ). In addition, RBR may normally repress the expression of late embryonic genes and help plant cells switch from an embryonic heterotrophic growth state to autotrophic growth, thereby integrating developmental and metabolic processes (Gutzat et al. 2011) . Importantly, most of the functions of RBR in promoting differentiation and constraining cell cycle progression in root stem cells are cell-autonomous (Wachsman et al. 2011) .
Together, these data indicate that RB plays a central role in the maintenance of stem cell identity and cell fate determination in plants. Interestingly, RBR can be inactivated in stem cells by viral proteins responsible for the development of tumors in plants, providing a link between the functions of RBR in plant stem cells and its tumor suppressor activity (Doonan and Sablowski 2010) .
RB in adult mammalian stem cells
In the last decade, many groups have investigated the mode of action of RB in developing and adult mammalian tissues and organs. These studies have often revealed a crucial role for the RB pathway in the basic biology of stem cells and progenitor cells and have supported a model in which these cell populations are at risk of becoming tumor cells following loss of RB function. A summary of the consequences of RB inactivation in mouse stem and progenitor cells is shown in Table 1 . 
Retinal progenitors
The tumor type historically associated with loss of RB1 is retinoblastoma, a rare tumor of the eye that occurs only in young children. The specific age window of retinoblastoma growth in young children suggests a model of tumor initiation in which loss of RB function must happen in specific populations of cells that may be transiently present in the developing retina. This idea is consistent with the expression of progenitor cell markers in tumors (for review, see Dyer and Bremner 2005) . On the other hand, coexpression of differentiated and progenitor markers within the same tumor cells (McEvoy et al. 2011) , the predominance of markers for more differentiated cells in human tumors (Xu et al. 2009) , and the demonstration that post-mitotic retinal cells can initiate tumors in mutant mice (Ajioka et al. 2007 ) have challenged this view, and the identity of the cell of origin of retinoblastoma is still being debated. Nevertheless, loss of RB function does have visible effects in retinal progenitors. For instance, deletion of the mouse Rb gene in the developing mouse retina results in ectopic proliferation and increased cell death in specific cell populations; further deletion of p107 and/or p130 enhances these defects and is required to initiate retinoblastoma in mice (Chen et al. 2004; MacPherson et al. 2004; McEvoy et al. 2011) . Inactivation of the E2f1-3 genes in mouse retinal progenitors further showed that these E2F factors, the activity of which is increased in the absence of RB, play a critical role in the survival of these progenitors-and not, surprisingly, in their capacity to proliferate Chong et al. 2009 ). In Rbdeficient retinal progenitors, removal of only one allele of the E2f1 gene is sufficient to prevent tumor initiation; furthermore, blockade of Cdk2 activity during a short period of time in young mice is sufficient to prevent retinoblastoma development (Sangwan et al. 2012) . Thus, the expansion of Rb mutant retinal progenitors is dependent on increased E2F and Cdk2 activity.
These experiments indicate that too much or too little E2F activity is detrimental to the survival of retinal progenitors in mice. In addition, loss of RB function may increase the proliferative potential of progenitors and delay their exit from the cell cycle. It is still unclear whether loss of RB1 function in patients and loss of Rb family function in mice is sufficient to confer long-term self-renewal to these progenitors, but it is clear that additional genetic and epigenetic events are key for the development of tumors (Conkrite et al. 2011 (Conkrite et al. , 2012 Zhang et al. 2012) . Finally, loss of RB may increase cell death in specific differentiating populations, thereby perturbing the fate of retinal progenitors during devel- opment. The relevance of these observations to the initiation of retinoblastoma in children is still under investigation.
Mesenchymal stem cells and bone progenitors
Because loss of RB1 is also implicated in the initiation of osteosarcoma in teenagers, a number of investigators have studied the mode of action of RB in the bone lineage. The lack of terminal differentiation in osteosarcoma can be explained by the fact that loss of RB itself, but not p107 or p130, blocks late osteoblast differentiation, largely because RB interacts directly with the osteoblast transcription factor Runx2 to control the expression of osteoblast-specific genes (Thomas et al. 2001) . Rb inactivation in lineage-committed immature osteoblasts in mice is not sufficient to initiate tumors but potentiates the effects of loss of p53 (Walkley et al. 2008 ). However, loss of Rb in multipotent mesenchymal progenitors, which can give rise to cells in the bone lineage, leads to increased numbers of these progenitors (Gutierrez et al. 2008) , suggesting that stem cells before the preosteoblast stage may also be sensitive to loss of RB and may also serve as a cell of origin for osteosarcoma. Indeed, in mice, deletion of Rb and p53 in mesenchymal stem/progenitor cells expressing the Sca1 marker is sufficient to initiate metastatic tumors closely resembling human osteosarcoma (Berman et al. 2008) . Recent data obtained in mouse models of osteosarcoma further indicate that different types of progenitors, uncommitted or committed, can serve as tumor-initiating cells (Choi et al. 2010) . These experiments suggest a model in which loss of p53 and RB function in mesenchymal stem cells or early osteoblasts leads to an expansion of these cells and a block in terminal differentiation, thereby initiating osteosarcoma. However, experiments in mutant mice and in cells derived from these mice have shown that loss of Rb in mesenchymal stem cells and early osteoblasts results in increased levels of PPARg (g subunit of the peroxisome proliferator-activated receptor), an E2F target (Fajas et al. 2002; Calo et al. 2010 ). An increase in PPARg levels in turn alters the differentiation of these progenitors toward the adipocyte lineage, which can lead to the development of brown fat tumors at the expense of osteosarcomas in a p53 mutant background (Hansen et al. 2004; Scime et al. 2005; Calo et al. 2010 ). Together, these data clearly demonstrate a role for RB in determining the cell fate decisions of stem cells and early progenitors in the bone lineage as well as their terminal differentiation. These observations also suggest that loss of RB in stem cells and early progenitors can enhance tumor development. However, for loss of RB to contribute specifically to osteosarcoma development (and not the development of adipocytic tumors, for example), the cell of origin for osteosarcoma may have to be a more committed osteoblast cell type, in which loss of RB would prevent terminal differentiation.
Interestingly, while most of the work in the retina has focused on a role for RB and E2F in controlling the proliferation and survival of specific cell populations, including progenitors, data gathered from studies in the bone lineage have highlighted the role of RB as a regulator of cellular differentiation. In both cases, however, changes in the fate of progenitors are observed following loss of RB function.
Hematopoietic stem cells (HSCs) and early progenitors
The hematopoietic compartment has provided a powerful system to explore the mode of action of RB in adult stem cells. An early study suggested that antisense oligonucleotides targeting the RB1 transcript could release human hematopoietic progenitors from a quiescent state in culture (Hatzfeld et al. 1991) . However, deletion of the Rb gene in mice did not increase proliferation of HSCs, and Rb mutant HSCs did not have strong self-renewal or differentiation defects in this context (Walkley et al. 2007 ). In contrast, RB seems to play a critical role in mouse HSCs in response to stress. In the absence of RB, HSCs display a reduced capacity to re-exit the cell cycle after stress-induced proliferation and a diminished ability to replenish the hematopoietic compartment following transplantation. This role for RB is evident in mouse cells with wild-type p107 and p130 (Daria et al. 2008) . Additional studies showed that concomitant deletion of Rb and its two family members, p107 and p130, does result in strong phenotypes in HSCs and early hematopoietic progenitors, including exit from quiescence, increased proliferation, and a change in the fate of these cells toward the myeloid lineage (Viatour et al. 2008) . Thus, the crucial role of RB in unstressed HSCs may be masked by the compensatory functions of p107 and p130 in these cells, as is the case in many other cell types (Dannenberg and te Riele 2006) . Interestingly, this study also suggested that the expansion of abnormally cycling mouse HSCs upon loss of the RB family does not lead to the exhaustion of the stem cell compartment, suggesting that loss of RB function may result in increased proliferation in HSCs without loss of selfrenewal. However, HSC homing defects in these mutant mice precluded experiments such as serial transplantation assays to monitor the long-term self-renewal of RB family mutant HSCs (Viatour et al. 2008 ). Finally, RB may function in the bone marrow microenvironment and control HSC proliferation and differentiation in a non-cell-autonomous manner (Walkley et al. 2007 ). Interestingly, deletion of the p107 gene in Balb/c mice results in the development of a myeloid hyperplasia with increased number of myeloid progenitors, but it is not known whether HSCs and early progenitors are also affected by the p107 mutation in this genetic background (LeCouter et al. 1998) .
A major conclusion from these loss-of-function experiments is that RB normally functions with p107 and p130 to maintain HSCs in a quiescent state and enable HSCs that have been induced to cycle to re-enter a quiescent state. These observations are corroborated by gainof-function experiments where loss of cyclin D activity in fetal HSCs severely impairs their ability to proliferate (Kozar et al. 2004) . Future experiments will need to clarify whether loss of quiescence and increased proliferation are compatible with the long-term selfrenewal of HSCs (Yu et al. 2006; Orford and Scadden 2008; Viatour et al. 2008; Zou et al. 2011 ). In addition, as our understanding of the different subpopulations of HSCs deepens (Wilson et al. 2009 ), the role of RB and RB pathway members will need to be re-evaluated in these specific subpopulations. Similarly to the experiments focusing on retinal and bone development, increased myeloid differentiation from blood progenitors in Rb family mutant mice further illustrates the changes in cell fate induced by inactivation of RB function in stem/progenitor cells. However, whether the phenotypes observed upon loss of RB function in blood stem/ progenitor cells are linked to the development of leukemia is still largely unknown.
Neural stem/progenitor cells
Little is known regarding the role of RB in adult stem cells in the brain. In the developing brain, loss of Rb function was initially reported to cause both ectopic proliferation and increased cell death in progenitors, including in the ventricular zone and the subventricular zone of the developing cortex (Clarke et al. 1992; Jacks et al. 1992; Lee et al. 1992) . While the hyperproliferation is cell-autonomous, the increased apoptosis is largely due to low oxygen levels from abnormal placental development (Ferguson et al. 2002; MacPherson et al. 2003; Wu et al. 2003) . Interestingly, further analysis of the placenta defects in Rb-deficient embryos also identified a role for RB in trophoblast stem cells, which expand abnormally and fail to differentiate properly in the absence of RB (Wu et al. 2003) . Constitutive loss of the Rb family member p107 in neural precursor cells leads to increased proliferation and expansion of these cell populations in adult mice and is accompanied by decreased neuronal differentiation (Vanderluit et al. , 2007 . Inactivation of the entire RB family with either viral oncoproteins or genetically engineered alleles in mice leads to stronger cell cycle defects and cell-autonomous increases in cell death (Slack et al. 1998; McLear et al. 2006; Wirt et al. 2010) . Loss of RB and p53 in neural stem cells in the cerebellum of mice enhances the proliferative defects, suppresses cell death, and can result in the initiation of medulloblastoma (Sutter et al. 2010) . Finally, studies of the polycomb gene Bmi-1 in mouse embryonic neural stem cells suggest that its role in the self-renewal of these cells is via RB and p21 function (Fasano et al. 2007) .
Rb mutant mice develop pituitary gland neuroendocrine tumors with a high penetrance. Studies in a mouse model of pituitary adenoma showed that loss of RB in several different types of progenitor cells (e.g., Pax7
+ and Myf6 + ) induces tumor formation, although the latency was much shorter when the Rb gene was inactivated in early (Pax7 + ) versus late (Myf6 + ) progenitors (Hosoyama et al. 2010) .
Thus, while a specific role for RB in neural/neuroendocrine stem cells and progenitors in embryos and adults is only beginning to be understood, these observations support a model in which RB normally restricts the proliferation of these progenitors and controls their potential for survival and differentiation.
Intestinal stem/progenitor cells
The role of RB in intestinal stem cells is still largely unknown, presumably because the low mutation rate of RB in human colon cancer has deterred investigators from exploring this system in depth. Loss of RB in the intestine leads to increased proliferation, delayed cell cycle exit, abnormal expression of differentiation markers, and increased Hedgehog signaling (Yang and Hinds 2007) . In combination with loss of p130, Rb deletion in the small intestine and colon of mice results in chronic hyperplasia and dysplasia of the small intestinal and colonic epithelium, which are associated with defects in terminal differentiation of specific cell types (Haigis et al. 2006) . While the normal proliferation of gut progenitors is not dependent on E2F activity, the delayed cell cycle exit observed in Rb mutant mouse intestines is in large part due to the increased activity of activator E2Fs (E2F1-3) (Chong et al. 2009 ).
Mammary gland stem cells
While adult stem cells and progenitor cells have been well defined in the mammary gland and studied in detail in many contexts, the role of RB and its pathway members in these cells is still surprisingly poorly understood. Rb inactivation in bipotential epithelial progenitors, but not downstream committed progenitors, is sufficient to induce tumor growth in mice. Interestingly, in this case, it is the p53 status that dictates the fate of the mutant progenitors and the type of breast cancer that develops (Jiang et al. 2010 ).
Skin stem cells
With intestinal and mammary gland stem cells, skin stem cells constitute a third population of well-characterized stem cells in which the mode of RB action is only partly understood. Nevertheless, it seems that Rb deletion in skin stem cells leads to increased proliferation and defective differentiation, which is exacerbated by loss of p107 (Ruiz et al. 2004) . In this system, preliminary evidence suggests that loss of RB may eventually lead to the depletion of the stem cell pool (Ruiz et al. 2004) , in contrast to observations in the blood compartment (see above). This could possibly be due to increased cell death in these mutant stem/progenitor cells, but further studies will be required to investigate the consequences of RB inactivation in skin stem cells in comparison with other stem cells.
Prostate stem/progenitor cells
While nothing is known about the potential role of RB in prostate stem/progenitor cells, the concomitant loss of Rb and p53 function in adult stem/progenitor cells in mouse prostates results in the development of aggressive prostate tumors, raising the possibility that in this context, too, loss of RB may promote the expansion of stem/progenitor populations that are normally quiescent (Zhou et al. 2007 ).
Muscle stem/progenitor cells
Satellite cells serve as a postnatal skeletal muscle stem cell reservoir that contributes to muscle repair following injury. Recent studies indicate that quiescence in satellite cells is controlled by RB: Deletion of Rb in these cells leads to cell cycle re-entry and the expansion of myoblast pools (Hosoyama et al. 2011) . However, the differentiation of proliferating satellite cells or cycling myoblasts is blocked upon loss of Rb (Huh et al. 2004 ). RB interacts with MyoD, a crucial regulator of muscle differentiation, and the differentiation block in RB mutant cells was initially attributed to a diminished transcriptional activity of MyoD (Gu et al. 1993 ). However, recent evidence suggests that the differentiation defect in Rb-deficient muscle cells is in large part due to increased cell death and autophagy (Ciavarra and Zacksenhaus 2010) .
Liver oval cells
Recent observations in mouse livers indicate that loss of Rb alone is not sufficient to induce the expansion of the small population of adult stem cells that resides close to bile ducts. In contrast, loss of the entire Rb family in adult mouse livers leads to an exit from quiescence and an expansion of these populations, which then initiate the development of tumors . While the functionality of various subpopulations of adult liver stem cells is still unknown, these cells are thought to have the capacity to generate both hepatocytes and bile duct cells (cholangiocytes). The fact that Rb family mutant mice only developed hepatocytic tumors and not bile duct tumors suggests that in this context, too, loss of RB function may alter the fate of adult stem cells . In contrast, loss of the p53 tumor suppressor in liver stem cells results in the development of tumors with bilineal differentiation (Katz et al. 2012) .
A model for RB function in adult stem and progenitor cells Together, these experiments indicate that the quiescence of adult stem cells in mouse organs and tissues is normally maintained by RB, often with the help of its two family members, p107 and p130. The data presented above and the decreased proliferation in stem cells such as HSCs observed in Cyclin D and Cyclin A mutant mice (Kozar et al. 2004; Kalaszczynska et al. 2009 ) further support the notion that the RB family plays a key role in restricting the expansion of progenitor cell populations and controlling their cell cycle exit and differentiation. The hyperproliferative phenotype found in stem and progenitor cells with RB or RB pathway inactivation is often accompanied by cell death and differentiation defects and may ultimately lead to the development of cancer (Fig. 2) .
Importantly, the range of these cell cycle, cell survival, and cellular differentiation defects is extremely dependent on the tissue or organ studied. What the molecular basis for these differences is will be an area of exciting future research. In particular, we still know surprisingly Figure 2 . RB function in adult stem cells. Simplified view of an RB wild-type adult organ, with quiescent populations of stem cells (SCs) giving rise to proliferating progenitor cells (PCs) that can exit the cell cycle to generate differentiated cells (DC) and terminally differentiated cells (TDCs). In an RB mutant (or RB family mutant) context, exit from quiescence and increased numbers are often observed in stem cell populations, and increased proliferation is often present in progenitor cells. In some cases, this increased proliferation is accompanied by increased cell death, especially as progenitors are induced to enter a differentiation program. Loss of RB also leads to a reduced capacity to differentiate and terminally differentiate in some lineages. Finally, RB inactivation may favor certain cellular fates by default (no death and no decrease in differentiation potential) or actively (by activation of a program of genes); however, loss of RB often prevents terminal differentiation. Eventually, although stem cells and progenitor cells may be the cell populations that are initially responsive to loss of RB in adult tissues and organs, tumors initiated by loss of RB may be mostly composed of cells with differentiated characteristics (''differentiated cancer'').
little about the downstream mediators of the hyperproliferative defects induced by loss of RB in stem cells and progenitors. A number of studies support the classical model that high E2F and Cdk activity explains the increased proliferation of RB mutant cells (Tsai et al. 1998; Chong et al. 2009; Sangwan et al. 2012) , but this idea has not been systematically studied in vivo. Similarly, the death of some progenitors when they are induced to differentiate in the absence of RB is probably in large part dependent on the p53 axis, but this has not been thoroughly investigated.
The molecular basis for the observation that loss of RB function alters the fate of multipotent stem/progenitor cell populations by actively promoting one fate or another is still poorly understood. For example, the increase in neuroendocrine differentiation observed in the lungs of Rb mutant mice is still unexplained (WikenheiserBrokamp 2004) . Preliminary data concerning intestinal progenitors suggest that loss of Rb leads to an increase in the expression of transcription factors that are known to regulate proliferation and differentiation in the intestinal epithelium; concomitant deletion of Cdx1 and Rb can partly revert the phenotypes of loss of RB function (Haigis et al. 2006) . Activation of Notch1 signaling in Rb family mutant liver progenitors may promote hepatocytic differentiation . Increased levels of PPARg may control the proadipogenic switch in Rb mutant mesenchymal progenitors (Calo et al. 2010 ). These examples illustrate that the mechanisms by which RB controls cell fate in stem/progenitor cells may be extremely dependent on the cellular context. Thus, it will be important to pursue these studies in parallel in multiple stem/ progenitor cell types, including in lineages in which RB has been little studied, such as germ cells in the testes or stem cells in the lungs.
RB in ES cells and induced pluripotent stem (iPS) cells
ES cells are a model for pluripotent cells found at early developmental stages in mammalian embryos. Mouse ES cells are thought to represent cells in the inner cell mass of a blastocyst, while human ES cells correspond to a slightly more advanced stage of development, the epiblast (Tesar et al. 2007 ). iPS cells are generated by the reprogramming of more differentiated cells back to a pluripotent cell state (Stadtfeld and Hochedlinger 2010) . While there is still some debate about the similarities and the differences between mouse and human iPS cells and ES cells, I consider here, for the sake of simplicity, that ES and iPS cells all represent a similar pluripotent and actively cycling stem cell type.
Human and mouse ES cells
Fast-dividing cells such as ES cells should have no or little active RB to allow for a rapid progression through G1/S. These cells should also have intact cell cycle machinery to be able to respond to stress and differentiation signals when it is time to slow down and generate mature cells. Indeed, accumulating evidence indicates that the components of the RB pathway are expressed in cycling ES cells, but also that Cyclin/Cdk activity is high in ES cells and that RB and its family members are largely in their hyperphosphorylated state, unable to inhibit E2F transcription factors (for review, see White and Dalton 2005; Conklin and Sage 2009 ). As would be expected, Rb knockout mouse ES cells have no reported long-term self-renewal and proliferation defects; furthermore, mouse ES cells that are simultaneously triple knockout for Rb and its two family members, p107 and p130, can be propagated normally (Williams et al. 1994; Dannenberg et al. 2000; Sage et al. 2000) . However, it is possible that the small pool of active RB molecules in ES cells plays a crucial role in these cells because Rb inactivation results in increased genomic instability in ES cell cultures (Zheng et al. 2002) . One model to explain this observation is that ES cells that would arrest and/or die in response to a stress may continue to cycle when RB is absent and that these cells have a higher chance of becoming genomically unstable.
There is no published characterization of human ES cells with inactivation of RB function and the consequences of this inactivation for the genomic stability of these cells or any other aspects of their biology. Thus, it is possible that RB and its family members may play a more significant role in human ES cells, which cycle slower than their mouse counterparts and may have a larger pool of active RB molecules at any given time.
If the consequences of loss of RB function would be expected to be minimal in a cell type that is cycling rapidly, increased RB activity would be predicted to have a strong inhibitory effect in ES cell populations. Surprisingly, the effect of RB overexpression in ES cells has not been reported. However, inhibition of Cdk activity, which may mostly result in RB family hypophosphorylation and activation, has been shown to arrest ES cells (Barta et al. 2010; Neganova et al. 2011) . The characterization of this arrest is still preliminary, and the consequences of overactivating RB for the cell cycle, differentiation, and self-renewal of mouse and human ES cells remain poorly understood. Nevertheless, a model is emerging in which increased RB activity in G1 in ES cells may lengthen this phase of the cell cycle and increase the probability of differentiation (Becker et al. 2006; Orford and Scadden 2008; Ying et al. 2008; Sela et al. 2012) . This model further suggests that RB activity in ES cells must be tightly controlled: Not enough RB may lead to genomic instability, possibly because of an impaired response to stress, while too much RB will most certainly slow the expansion of cells at a crucial time during embryonic development.
iPS cells
The reprogramming process that transforms ''normal'' cells into iPS cells is often viewed as a type of dedifferentiation. One would expect that the increased proliferation observed during reprogramming may be accompanied by a reduction in RB activity; thus, loss of RB may promote the generation of iPS cells, similar to what has been observed for p53. In addition, RB is usually viewed as ''prodifferentiation,'' and its loss of function may contrib-ute to the dedifferentiation of cells during reprogramming. Conversely, increased RB function may inhibit reprogramming. These ideas have not been directly tested yet, but emerging evidence does suggest that RB may normally restrict the reprogramming of fibroblasts into iPS cells. For instance, shRNA molecules against RB1 scored as proreprogramming in a large screen (Samavarchi-Tehrani et al. 2010 ). In addition, RB is a target of caspases during reprogramming and is inactivated by this cleavage, suggesting that its loss of function is important during this process . Future work should explore the mechanisms by which RB may control cellular reprogramming, whether it simply does so by regulating cell proliferation or plays additional roles in the process. It would also be interesting to know whether these observations relate to RB's role in the differentiation of embryonic and adult stem cells or RB's tumor suppressor role. Nevertheless, controlled RB activity may be important to enhance the reprogramming of cells and ensure that ES cells retain their self-renewal capacity and genomic stability. Future experiments should also determine whether the ectopic expression of RB facilitates the differentiation of ES/iPS cells into specific lineages, which may be important to generate functional cells in transplantation experiments. Finally, there is no information regarding the role of RB in the direct reprogramming of one differentiated cell type to another, such as the reprogramming of fibroblasts into induced neuronal cells (Batista et al. 2011) .
A model for RB function in ES cells
As discussed above, little is known regarding the mode of action of RB and its family members in ES cells. A simple model would be that RB activity is low in populations of fast-cycling embryonic cells and that RB activity increases as cells differentiate; in contrast, RB activity is high in differentiated cells and decreases as these cells become reprogrammed into iPS cells (Fig. 3) . Future experiments will need to address the mechanisms of action of RB and its family members in ES cells and reprogramming, similar to what has been done in adult stem cells and their differentiated progeny.
Conclusions
Perhaps not surprisingly, given the universal role attributed to the RB pathway in the control of cell cycle progression in cells, changes in the activity in this pathway often perturbs the biology of embryonic and adult stem cells in plants and mammals.
A major conclusion of the work on adult stem and progenitor cells is that loss of RB function or RB pathway function may contribute to the initiation of cancer from these cell populations. An interesting aspect of these observations is that mouse and human RB-deficient tumors are usually fairly differentiated, suggesting that RB mutant stem/progenitor cells retain some capacity for differentiation as they become transformed. It is still unclear how RB normally controls the fate of stem/progenitor cells and why its loss of function sometimes directs tumors to acquire specific differentiation features, as discussed above for liver, bone, and mammary gland tumors in mice. RB's connection with multiple chromatin remodeling enzymes and complexes are well established (e.g., Brehm et al. 1998; Magnaghi-Jaulin et al. 1998; Nielsen et al. 2001; Ait-Si-Ali et al. 2004; Gonzalo et al. 2005; Trojer et al. 2007 ), but there are only a few demonstrations of the importance of these interactions in the control of Figure 3 . RB function in ES and iPS cells. (A) It is thought that RB and its family members are largely inactivated by hyperphosphorylation due to high Cyclin/Cdk activity in mouse and human ES cells, allowing these cells to self-renew and expand. Proper regulation of RB activity may also be crucial to maintain genomic stability. When ES cells are induced to differentiate, a simple model would be that reduced Cdk activity leads to increased RB activity, which in turn promotes cell cycle exit and differentiation. It is also possible that changes in RB and E2F activity in response to stress control the ability of ES cells to undergo cell death. (B) Emerging evidence suggests that RB activity gradually declines during the reprogramming of differentiated cells into iPS cells, as these cells ''dedifferentiate'' and acquire the capacity to proliferate indefinitely. biological processes related to RB function, including cell fate determination (Narita et al. 2003; Wang et al. 2010 ). It will be interesting to further determine whether the interactions between RB and chromatin-regulating enzymes provide local mechanisms to control gene expression or whether these interactions have a more global function, as would be suggested by experiments with viral oncoproteins that inactivate RB function (Ferrari et al. 2008) .
Some genetic studies have already provided evidence for the regenerative potential of loss of RB function in muscle and the inner ear (Sage et al. 2005; Pajcini et al. 2010) , but these studies have mostly focused on the capacity of RB-deficient mature cells to dedifferentiate and re-enter the cell cycle and not on stem/progenitor cells. As discussed above, cancer may arise following loss of RB function in stem and progenitor cells, but this output is dependent on the tissue and on how strong the inactivation of the RB pathway is; it could also depend on how long this inactivation lasts. This observation raises the possibility that controlled inactivation of RB or the RB pathway may be used to transiently activate stem/progenitor cells and promote regeneration without significantly increasing the risk of developing cancer. For example, no tumors have ever been observed in the muscles or intestines of Rb-only mutant mice. These two tissues could be considered ''low risk'' and could be treated with drugs that inactivate RB to increase the number of myofibers from muscle stem cells and help regenerate the intestinal epithelium faster following injury. Thus, one could envision that in the future, two types of drugs will be developed: drugs that directly or indirectly activate RB function to limit the expansion of tumors cells, and drugs that inactivate or mimic RB function to promote cell proliferation when needed. However, before controversial RB-inactivating drugs are developed and used in patients, the analysis of mice with transient loss of RB function-for example, using inducible shRNA strategies (Dow et al. 2012 )-could further support the hypothesis that controlled loss of RB in stem cell populations may have beneficial effects for an organism during aging or in response to stress and injury.
Finally, while this review focused on the role of RB in plant and mammalian stem cells, other model organisms such as D. melanogaster, C. elegans, and Schmidtea mediterranea provide powerful systems to study stem cell biology (Pearson and Sanchez Alvarado 2008; Losick et al. 2011; Spradling et al. 2011) . Based on the large amount of data gathered in flies and roundworms that have helped elucidate many of the basic functions of RB in the control of proliferation, differentiation, survival, and chromosomal stability, there is little doubt that additional studies focusing on stem cell populations in these organisms will provide novel insights into both the general mode of RB action and fundamental aspects of the biology of stem cells.
